Abstract-Time-varying channel causes intercarrier interference (ICI) and impairs the orthogonality among subcarriers in wireless mobile Orthogonal Frequency Division Multiplexing (OFDM) systems. The ICI and loss of carrier orthogonality degrade the bit error rate (BER), and thus results in intolerable loss of quality especially in applying multimedia data transmission. In this paper, we propose an unequal density of pilot placement for OFDM systems in time-varying channel, which provides Unequal Error Protection (UEP) for important multimedia transmission. A dynamic image data assignment (DIDA) scheme for UEP utilizing visual saliency is presented to reallocate image data in OFDM symbol for the UEP transmission. Simulation results show substantial improvements of quality in the region of interest in the image by using proposed method.
I. INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM) has been adopted in many high data rate wireless transmission standard, such as digital audio broadcasting (DAB) and digital video broadcasting (DVB-T). The OFDM system has the advantage of high bandwidth efficiency and capability to eliminate intersymbol interference (ISI) by inserting cyclic prefix (CP) between successive OFDM symbols. In practical transmission environment, however, the multipath channel is time-varying and destroys the orthogonality among subcarriers as intercarrier interference (ICI) ( [1] , [2] , and [3] ). This results in the floor in bit error rate (BER) and poor transmission quality of service (QoS).
To improve the quality in multimedia transmission systems, the use of Unequal Error Protection (UEP) schemes has been proposed in recent years. The rationale of UEP is to provide variant resource allocation procedure corresponding to variant importance degree of information content. In [4] , [5] multimedia data are rearranged to subchannels according to the feedback information of channel estimation from the receivers. Houas et al. [6] assigned multimedia data of high error sensitive degree to the best subcarriers by further joint considerations in optimizing the source rate and symbol payload. A power reallocation scheme combined with LDPC coding was proposed in [7] to protect important bits in video stream. Tsuchiya et al. [8] presented multiplexed modulations transmission mechanism, where the UEP effect is attained by switching the demodulation scheme at the receiver. Among the previous works, assumptions on reliable feedback information from receivers are required, which remains to be improved *Corresponding author: Wei-Ho Chung, Email: whc@citi.sinica.edu.tw. This work was supported by National Science Council of Taiwan, under grant number 99-2218-E-001-004.
in practical wireless systems. Besides, coding or multiplexed modulations also impose extra cost in complexity.
In this paper, we proposed a channel estimation scheme with unequal density of pilot placement to support reliable quality for important content in the image. The image is processed by Saliency Toolbox [9] . The visual saliency algorithm generates region of interest, not necessarily containing objects. A systematic window process is applied to segment these regions. The UEP is attained by placing data among parts of various pilot density in the OFDM symbol according to the importance degree of the regions in the image.
The rest of the paper is organized as follows. In Section II, we present the OFDM system model and propose a channel estimation method with unequal pilot placement to protect multimedia data of high importance or interests. A dynamic image data assignment (DIDA) scheme for UEP is described in Section III. Simulations are provided in Section IV. Finally, conclusions are drawn in Section V.
II. OFDM SYSTEM MODEL

A. Signal and Channel Models
We consider an OFDM system with N subcarriers. The subcarrier separation is ∆f , thus we have the sample interval of the OFDM system as T s = 1/N ∆f . The CP of length l p is adopted in the OFDM system and assumed longer than the channel delay spread L, which is required in processing ISI within all OFDM symbols. Let X = [X 0 X 1 ... X N −1 ] T denote the frequency domain modulated data sequence in an OFDM symbol, where superscript (·)
T is the transpose operator. The frequency domain symbol after applying Npoint inverse discrete Fourier transform (IDFT) and adding CP in the time domain is thus transmitted and represented as
At the receiver, after the transmitted signal passes through time-varying channel and the CP is discarded, the received signal can be expressed as
,where h[n, l] is the discrete time time-varying channel impulse response of l-th path at n-th sample time interval, w[n] is the additive white Gaussian noise (AWGN) with zero mean and variance N 0 . The received OFDM symbol is transferred to frequency domain data sequence by discrete Fourier transform
The wide-sense stationary uncorrelated scattering (WSSUS) Rayleigh fading channel model is assumed and implemented in Jakes' model. The autocorrelation function of the channel is
, where E[·] represents expectation with the random variables within the brackets. The superscript (·) * denotes conjugate. σ According to (1) , the matrix form of the time-domain received symbol can be expressed as
,where 
The frequency domain data sequence according to (2) can be rewritten as
where H f FH t F H is the equivalent frequency-domain channel matrix, W is the frequency-domain noise vector. In the following sections, we will operate the UEP process in frequency domain.
B. Channel Estimation and Data Detection
ICI effect due to Doppler spread in time-varying channel has been analysed in several previous works [2] , [3] , which indicated that interference power is mainly from neighboring subcarriers. This property reflects that the received signal can be properly approximated as the combination of signals from desired subcarrier and nearby subcarriers. Therefore the received signal in frequency domain can be formulated as
where Q is the range of neighboring subcarriers assigned to approximate the received signal. For Q = 1 (also assumed in followed examples), to obtain significant elements in m-th column of H f , H f m+r N ,m , r = −Q, ..., 0, ..., Q, we first insert a known pilot group
T of size (2Q + 1), one non-zero element at the center of 2Q zero terms, in the frequency-domain data sequence
T , such that the original sequence is replaced by
T , where m = 0, 1, ..., M − 1, and d m ∈ {0, 1, ..., N − 1} denote the subcarrier index of the non-zero pilot in m-th pilot group. Then, by least square (LS), we have
Through simple linear interpolation among the diagonal and off-diagonal entries of the equivalent frequency-domain channel matrix by the M estimated groups, the banded approximated channel matrix H f is thus obtained. At the receiver, data sequence is detected by zero-forcing (ZF), also LS, on the frequency domain signal. Hence, we obtain our desired modulated data sequence as
, where superscript (·) † denotes pseudo-inverse.
C. Pilot Placement for UEP
For the purpose to protect the most important information of the image when transmitted in the severe channel environment, an asymmetric pilot placement scheme is proposed. By assuming the OFDM symbol size N = 256 as an example, we divide the medium region of the data sequence into two parts for unequal pilot placement, the dense part and the rare part. Among pilots are information data from the image. In this region, the pilot group is designated as
where M is 12 in our illustration. The proportion of the pilot groups in the dense part to that in the rare part is 9 : 1. Pilot groups in the medium region are uniformly placed in each part as illustrated in Fig.1 The head and tail of the data sequence is specified as in Fig.2 to guarantee that there exists (2Q + 1) significant equivalent channel gains in M assigned column vectors in H f .
III. DYNAMIC IMAGE DATA ASSIGNMENT FOR UEP
A. Saliency Process and Data Assignment
Visual attention and object recognition algorithms have been discussed extensively in the past thirty years, which simulate the biological eyes by computational models based on spatial resolution or local feature contrast in the captured image. In this paper, we use the Saliency Toolbox developed by Walther [9] to exploit the convenience in automatically providing selective regions, usually containing objects or information of interests. The saliency algorithm is considered as our initial decision on discriminating data of different importance. Regions of irregular shape inside the image recognized as comprising important information are extended to windows separately, and the proportion of the number of pixels inside those windows to those of outside is the same as the proportion of number of data placed in the dense part of the OFDM symbol to that in the rare part. Proper window procession will assign more abundant important data in a limited number of pixels. Besides, information data inside those regions can be efficiently segmented and recovered by windows for its ease in description by two coordinates. In the following section, we would demonstrate the algorithm of window procession to attain this end.
B. Window Process 1) Initialization: Compact Window:
Before we start to manipulate a proper window to cover the salient region reported by Saliency Toolbox, the number of pixels required for each specified window is first calculated by
,where ⌊·⌋ represents floor, P γ is the number of assigned pixels in the γ-th irregular region, P T is the number of total pixels in the image, N D and N R represent the number of information data on the subcarrier of dense part and that on the rare part, respectively. Ψ γ is the area, measured by number of pixels, of the γ-th irregular region initially afforded by Saliency Toolbox and with single salient point W γ of coordinates W γx , W γy inside. Λ is the number of regions that we desire to construct windows to maintain relative good quality. Then, we do window procession sequentially according to the generating order of salient regions.
We start with the smallest square area of size h γ0 × v γ0 to cover the irregular region Ψ γ , where γ 0 denotes initial state for the following iterations of window procession on γ-th irregular region. The side-length is defined as h γ0 r γ0 + l γ0 + 1,
,where u γ0 , d γ0 , r γ0 , and l γ0 are expansions of sub-divisions U γ0 , D γ0 , R γ0 , and L γ0 , respectively, which are defined as
Wγ y −dγ 0 ≤Rγ 0y n ≤Wγ y +uγ 0 ,
As a result, U γ0 ∪ D γ0 ∪ R γ0 ∪ L γ0 contributes to the compact window that covers Ψ γ . If the number of pixels inside the compact window equals to the assigned one, i.e., P γ0 h γ0 · v γ0 = P γ , and there is no overlapping on other windows, this window procession is trivially done. If not, further computation required to evaluate which orientation to extend (when P γ0 < P γ ) or to reduce (when P γ0 > P γ or overlapping exists) the side-length.
2) Side-length Extension: When P γ0 < P γ , reasonable regulation on expansion in each direction would enhance the efficiency in transmitting expected information data. To decide the side-length should extend to which orientation, we evaluate by comparing the proportion of information content among four sub-divisions as
(11) ,where N Sγ ̟ denotes the number of pixels that belong to Ψ γ and is inside the square sub-division S γ̟ , S γ̟ = U γ̟ , D γ̟ , R γ̟ , or L γ̟ . Hence, we extend the side-length along the direction of maximum proportion as
,where
is defined as a function representing the expansion of the sub-division S γ̟ on γ-th irregular region after iterations. We do side-length process iteratively if P γ̟ h γ̟ ·v γ̟ < P γ , where h γ̟ κ (R γ̟ ) + κ (L γ̟ ) + 1, and v γ̟ κ (U γ̟ ) + κ (D γ̟ ) + 1, for ̟ ≥ 1 . Exceptions such as that expansion attains the boundary of the captured image or other windows occur would be forced to stop extension in current direction, but consider other directions of the secondary priority in the criterion mentioned above instead to proceed. If there are no adequate orientations to extend, we terminate the side-length extension process.
3) Side-length Reduction: When P γ0 > P γ exists, it indicates that this irregular region contains important information relative few to other regions. Thus, the compact window should be regulated to satisfy that original single salient point and proper number of pixels that achieves the requirement both kept inside the modified window and no overlapping with windows of other regions. Consider the important content as a benchmark to reduce the side-length, expansions of subdivisions is first processed by average process as
. Then, we examine if this regulated window covers no other windows. For situation as that current window overlaps windows of other regions occurs, we reduce the expansion of sub-division that has minimum proportion of important content to be neighboring to the border of other windows if no exceptions occur; if not, the expansion of sub-division along the shortest distance from current salient point to the border of overlapping windows is directly shrunk to be next to the boundary.
After the average window side-length process, the sidelength reduction process will be iteratively operated if P γ̟ > P γ , and the expansion in each orientation would be regulated
. The flow chart for overall window process is illustrated in Fig.3 . Once the window process is completed, we obtain the expansion information, (u γ , d γ , r γ , l γ ) , of the window. The coordinate of the salient point and the expansion information is modulated and assigned on the subcarriers of dense part in the OFDM symbol, and transmitted to offer the exact positions of windows in the image with important content inside. 
IV. SIMULATIONS
In this section, we present simulation results to examine the performance of the UEP process for OFDM systems. We consider an OFDM system with subcarriers N = 256, and the CP length l p = N/4 samples. QPSK constellation is applied in signaling. The pilot assignment is the same as that illustrated BER performance comparison for UEP procession and general uniform pilot placement of the OFDM symbol in Fig.1 and Fig.2 , and the number of total pilots, including head, medium, and tail parts, is 58. The time-varying multipath channel is generated by Jakes' model and assumed to be with exponential decay power profile. In our simulation, we test our algorithms in different delay spread length L = 3 or L = 12, and under different time-varying schemes as normalized Doppler frequency f d = 0.01 or f d = 0.2 respectively.
In the demonstration with image of size 481 × 321 (we use the image in the dataset of [10] ), the image is directly transmitted in bits composed of RGB. The number of windows to cover salient regions is specified as 4. Information data inside windows are placed on subcarriers among the dense pilot placement of the OFDM symbol, while others are placed in the rare part. When the transmission of the image is completed by multiple OFDM symbols, the receiver starts to reintegrate the image. We assume that the coordinates of salient points and corresponding expansion information can be perfectly received at the receiver. Fig.4 shows the BER performance comparison for the dense part and the rare part of the OFDM symbol. The BER performance of the dense part demonstrate great enhancement relative to the rare part, which guarantee that important contents suffer less impairment even under sever wireless environment. Fig.5 shows the BER performance comparison for UEP procession and general uniform pilot placement of the OFDM symbol. Our UEP mechanism shows at least 5 dB improvement than the uniform placement, making the recognition on image at the receiver more possible and reliable. Fig.6 presents the DIDA scheme. Red asterisks are salient points, and connected by red line according to the generating sequence. The irregular regions surrounded with yellow line are generated by Saliency Toolbox as attended regions; windows of green edges and circles at corners in the image are compact window that cover irregular regions. Windows of blue edges and triangles at corners are specified by our algorithm. Fig.7 (a) and (b) compare the UEP scheme and general uniform pilot placement scheme with the same image. Images are transmitted through time-varying channel with f d = 0.2, L = 12, and SNR = 25 dB, and then reconstructed at the receiver according to the corresponding schemes, respectively. It shows that our algorithm maintains detailed content inside the expected regions and has better perceptual quality. In this paper, an unequal density of pilot placement is proposed to achieve better quality for multimedia data. We also present a detail process in selecting and rearranging information data to complete the UEP system for image transmission. Simulations show that our algorithms enhance the BER performance at least 5 dB when comparing the subchannel of better UEP protection with general uniform pilot placement. In the simulations using the image, the example verifies that the content of abundant information in the image are better protected in our algorithm even in severe wireless channel environment, which is the major target requires to be conquered in the next generation wireless communication systems.
